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ABSTRACT

The human immunodeficiency virus type 1 (HIV-1) packages its genomic RNA as a dimer of homologous RNA molecules that
has to be selected among a multitude of cellular and viral RNAs. Interestingly, spliced viral mRNAs are packaged into viral
particles with a relatively low efficiency despite the fact that they contain most of the extended packaging signal found in the
59 untranslated region of the genomic RNA, including the dimerization initiation site (DIS). As a consequence, HIV-1 spliced viral
RNAs can theoretically homodimerize and heterodimerize with the genomic RNA, and thus they should directly compete with
genomic RNA for packaging. To shed light on this issue, we investigated for the first time the in vitro dimerization properties of
spliced HIV-1 RNAs. We found that singly spliced (env, vpr) and multispliced (tat, rev, and nef) RNA fragments are able to
dimerize in vitro, and to efficiently form heterodimers with genomic RNA. Chemical probing experiments and inhibition of RNA
dimerization by an antisense oligonucleotide directed against the DIS indicated that the DIS is structurally functional in spliced
HIV-1 RNA, and that RNA dimerization occurs through a loop–loop interaction. In addition, by combining in vitro transcription
and dimerization assays, we show that heterodimers can be efficiently formed only when the two RNA fragments are
synthesized simultaneously, in the same environment. Together, our results support a model in which RNA dimerization would
occur during transcription in the nucleus and could thus play a major role in splicing, transport, and localization of HIV-1 RNA.
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INTRODUCTION

The genome of retroviruses, including the human immu-
nodeficiency virus type 1 (HIV-1), is packaged as two
homologous (+) strand RNA molecules noncovalently
associated close to their 59-end in a region called the dimer
linkage structure (DLS) (Bender and Davidson 1976; Murti
et al. 1981; Paillart et al. 2004b). Dimerization of retroviral
genomic RNA is an ubiquitous process, and in vitro
experiments with genomic RNA fragments have shown
that HIV-1 RNA dimerization takes place in the 59-
untranslated region (59-UTR), at the dimerization initia-
tion site (DIS) (Fig. 1A; Laughrea and Jetté 1994; Skripkin
et al. 1994; Muriaux et al. 1995). The DIS, a highly

conserved sequence located upstream of the major splice
donor (SD) site, folds into a hairpin structure with a 9
nucleotide (nt) loop containing a 6 nt self-complementary
sequence (Laughrea and Jetté 1994; Paillart et al. 1994;
Skripkin et al. 1994; Muriaux et al. 1995). Dimerization of
HIV-1 RNA is initiated at the self-complementary sequence
of each RNA monomer via an intermolecular kissing-loop
interaction (Laughrea and Jetté 1994; Paillart et al. 1994;
Skripkin et al. 1994; Muriaux et al. 1995; Clever et al. 1996;
Haddrick et al. 1996). In vitro, this kissing-loop complex
can be converted into a more stable dimer (also called a
tight dimer) by the viral nucleocapsid protein at 37°C or by
incubation at high temperature (55°C) (Laughrea and Jette
1996; Muriaux et al. 1996; Takahashi et al. 2000). Stabili-
zation of the RNA dimer (mature dimer) in virions has
been observed upon proteolytic cleavage of Gag for several
retroviruses (Oertle and Spahr 1990; Stewart et al. 1990; Fu
and Rein 1993; Fu et al. 1994) and retrotransposons (Feng
et al. 2000). However, whether the stabilization of the RNA
dimer observed in vitro and ex vivo corresponds to the
same molecular mechanism remains unclear (for review,
see Paillart et al. 2004b).
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Genomic RNA dimerization is crucial for retroviral
replication. Indeed, alterations of the DIS strongly affect
viral replication by perturbing two essential steps of the
viral cycle: packaging of the genomic RNA and reverse
transcription (Berkhout and van Wamel 1996; Haddrick
et al. 1996; Paillart et al. 1996a; Laughrea et al. 1997; Shen
et al. 2000; Houzet et al. 2007). Studies using chimerical
vectors or synthetic RNA fragments demonstrated that
the DIS also plays a major role in HIV-1 recombination
(Balakrishnan et al. 2001, 2003; Andersen et al. 2003; Chin
et al. 2005). Overall, these results suggest that dimerization
is a prerequisite for RNA packaging and a key process for
virus evolution (Russell et al. 2004).

However, while the mechanism of in vitro RNA dimer-
ization and its possible roles in the replication cycle have
been extensively studied, the place where RNA dimeriza-
tion takes place (nucleus versus cytoplasm or cellular
membrane) is still a point of discussion (Russell et al.
2004). Indeed, after their synthesis in the nucleus of the
host cell, HIV-1 RNAs have several fates. Contrary to the
vast majority of cellular pre-messenger RNAs, which are
completely spliced, approximately half of the HIV-1 RNA
avoids the splicing reaction and is directly transported to
the cytoplasm (Stoltzfus and Madsen 2006). The unspliced
RNA is used as mRNA for the synthesis of the Gag and

Gag-Pol proteins and as genomic RNA
(gRNA) that is encapsidated in the viral
particle in its dimeric form (Swanson
and Malim 2006). During the packaging
process, gRNA must be preferentially
selected among a multitude of cellular
and viral mRNAs. The general RNA
packaging mechanism developed by ret-
roviruses involves cis elements present
on the viral RNA and trans-acting
factor(s) encoded by the viral genome
(Lever 2000; D’Souza and Summers
2005). In HIV-1, a major packaging
signal (Psi or C) has been located in
the 59 UTR, between the SD site and the
AUG start codon of Gag (Fig. 1A). It
folds into a stem–loop structure (SL3)
whose deletion profoundly affected viral
replication by reducing the yield of
gRNA present in the viral particles
(Lever et al. 1989; Aldovini and Young
1990; Clavel and Orenstein 1990). How-
ever, the packaging specificity is not
restricted to this region, although Psi
is uniquely present on gRNA (Fig. 1A).
Several regions upstream of the SD site
(including TAR, the polyA, the PBS,
and the DIS) and downstream of the
translation initiation codon of Gag have
also been shown to contribute to opti-

mal encapsidation of HIV-1 gRNA (Luban and Goff 1994;
McBride et al. 1997; Helga-Maria et al. 1999; Clever et al.
2002; Russell et al. 2002; for review, see D’Souza and
Summers 2005), although conformational perturbations
could be at the origin of these effects (Ooms et al. 2004).
Indeed, deletion of the DIS (Clever and Parslow 1997;
Russell et al. 2003) more profoundly affects genomic
RNA packaging than deletion of SL3 (Houzet et al.
2007). Besides these cis-acting elements, gRNA packaging
requires the nucleocapsid (NC) domain of Gag. NC
proteins have been shown to bind to the 59 leader region
of HIV-1 RNA (SL1–SL4, Fig. 1A) in vitro and to promote
RNA dimerization via the DIS (Muriaux et al. 1996;
Takahashi et al. 2001), and mutations in NC strongly
affect viral infectivity by inhibiting gRNA packaging
(Berkowitz et al. 1995; Zhang and Barklis 1995; D’Souza
and Summers 2005).

More than 30 different mRNA species are produced by
alternative splicing of the HIV-1 primary transcript due
to the presence of 5 SD and 9 splice acceptor (SA) sites
(Purcell and Martin 1993; Cochrane et al. 2006; Stoltzfus
and Madsen 2006). Following transcription, the 9.2 kb
RNA gives rise to multispliced 2 kb RNAs encoding the
regulatory proteins Tat, Rev, and the auxiliary protein Nef
(Fig. 1B). Once a threshold level of Rev is reached

FIGURE 1. Genomic and spliced HIV-1 (NL4.3) RNAs. (A) Scheme of the first 600 nt of
HIV-1 genomic RNA. (R) repeat sequence, (TAR) trans-acting responsive element, (polyA) 59
copy of the polyadenylation signal, (U5) unique sequence at the 59 end of the RNA genome,
(PBS) primer-binding site, (DIS) dimerization initiation site, (SD) major splice-donor site,
(PSI) major packaging signal, and (AUG) translation initiator codon of gag gene. (B) Spliced
and genomic RNAs used in this study. (Open boxes) The different RNA elements, (black thick
lines) untranslated regions, and (green thick lines) coding regions. The positions of splice
donor (SD) and acceptor (SA) sites are indicated above and under the genomic RNA,
respectively.
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(Pomerantz et al. 1992), splicing activity is reduced, and
singly spliced 4 kb RNA species encoding Env, Vpu, Vif,
and Vpr proteins are produced (Fig. 1B; Pomerantz et al.
1992). While singly and multispliced mRNAs are largely
excluded from viral particles, significant amounts of cellu-
lar and viral mRNAs can be encapsidated when cis or trans
packaging signals are disrupted (Clever and Parslow 1997;
Muriaux et al. 2001; Russell et al. 2003; Onafuwa-Nuga
et al. 2006; Roy et al. 2006). Noticeably, all HIV-1 spliced
mRNAs contain most of the extended packaging signal
found in the 59 UTR, including TAR, PBS, and DIS (Fig. 1).
Moreover, considering that RNA dimerization is a pre-
requisite for RNA packaging, spliced viral RNAs containing
the DIS may be able not only to homodimerize but also to
form heterodimers with gRNA and compete with gRNA
homodimers for packaging. However, the packaging effi-
ciency of spliced HIV-1 RNAs is 50-fold lower than the
packaging efficiency of gRNA (Houzet et al. 2007), suggest-
ing that spliced RNAs are unable to form homo- and
heterodimers or that these dimers are not packaged (Liang
et al. 2004).

To shed light on this issue, we investigated the in vitro
dimerization properties of spliced HIV-1 RNAs. We found
that singly spliced (env, vpr) and multispliced (tat, rev,
and nef) RNA fragments are able to homodimerize and to
form heterodimers with genomic RNA in vitro. Chemical
probing experiments and an antisense oligonucleotide
directed against the DIS region indicated that the DIS is
structurally functional and that dimerization of spliced
HIV-1 RNA occurs through a loop–loop interaction. In
addition, we showed by coupling in vitro transcription
and dimerization assays of short (300 nt) and long (4000
nt) RNA fragments that RNA dimerization can take
place during transcription and could affect the fate of
HIV-1 RNAs by modulating splicing, transport, or/and
localization.

RESULTS

Spliced HIV-1 RNA fragments efficiently dimerize
in vitro though a loop–loop interaction

Many studies previously showed that fragments of HIV-1
gRNA are able to dimerize in vitro through an RNA–RNA
interaction involving the self-complementary sequence in
the DIS loop (Laughrea and Jetté 1994; Paillart et al. 1994;
Skripkin et al. 1994). While the DIS sequence is localized
upstream of the SD site and is therefore present in all
spliced mRNAs of HIV-1 (Fig. 1), dimerization of HIV-1
mRNAs has never been specifically analyzed. The close
proximity of the DIS and the 59 SD site (SD1, Fig. 1) could
locally influence the secondary and tertiary RNA structures
and make these mRNA noncompetent for dimerization;
this would explain, at least partially, their exclusion from
the viral particles. Representative RNA fragments corre-

sponding to the first 615 nt of singly spliced (vpr and env)
and multispliced (rev, tat, and nef) HIV-1 mRNAs (Fig. 1B,
isolate NL4.3) have been synthesized and tested for their
ability to dimerize in vitro in conditions previously des-
cribed to favor either monomer or dimer formation (Fig.
2A; Marquet et al. 1991; Paillart et al. 1994). As expected
from the presence of the DIS sequence, all mRNA frag-
ments were able to dimerize, as indicated by the appearance
of a retarded band on agarose gel when the samples were
incubated in ‘‘dimer buffer.’’ For most mRNA fragments,
the dimer yields were similar to that of the 1–615 gRNA
fragment (between 51% and 68% of dimer) (Fig. 2A). The
only exception was RNA vpr1/3, which was almost exclu-
sively dimeric (dimer yield of 92%).

To test whether dimerization of the HIV-1 spliced
mRNAs involved formation of a kissing-loop complex via
the DIS, as previously demonstrated for HIV-1 gRNA
(Laughrea and Jetté 1994; Paillart et al. 1994; Skripkin et al.
1994; Muriaux et al. 1995), we co-incubated each mRNA
fragment with a fivefold excess of an antisense oligodeoxy-
ribonucleotide (dAS35) directed against the DIS stem–
loop (Fig. 2B; Skripkin et al. 1996; Lodmell et al. 1998). The
dimerization of all mRNA fragments, including RNA vpr1/
3, was inhibited by the presence of dAS35 (Fig. 2B, lanes
marked +). Similar results were obtained when dAS35 was
added after dimer formation (data not shown). Taken
together, these results indicate that (1) spliced HIV-1
mRNAs, like gRNA, are able to dimerize in vitro via the
loop of the DIS; (2) this RNA–RNA interaction is dynamic;
and (3) sequences downstream the SD do not contain
redundant dimerization signals.

FIGURE 2. In vitro dimerization of spliced HIV-1 RNAs. (A) RNA
fragments were incubated in dimer buffer (high-salt conditions) and
run on a native 0.8% agarose gel (TB 0.53, 0.1 mM MgCl2). Control
monomeric RNA (low-salt conditions) is shown only for the
genomic RNA fragment (lane 1). Monomers and dimers are
indicated, as well as the percentage of dimer formed for each
RNA. (B) Inhibition of RNA dimerization. RNAs were incubated
in high-salt conditions in the absence (�) or presence (+) of an
antisense oligodeoxynucleotide (dAS35) complementary to the DIS
stem–loop.
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Regions downstream of the DIS are important
for the dimer stability

In HIV-1 genomic RNA, sequences located in the first 300
nt downstream from SD1 have been shown to be involved
in stabilization of the RNA dimer (Marquet et al. 1994;
Paillart et al. 1994; Laughrea and Jette 1996). The molecular
mechanism of this stabilization is still unknown, and the
sequences involved remain to be precisely mapped. To test
whether the different sequences located 39 of SD1 of the
different HIV-1 spliced mRNAs modulate the stability of
the RNA dimers, we determined the thermal stability of the
dimers by incubating these RNAs at 37°C, then gradually
increasing the temperature up to 62°C. Samples were
analyzed by agarose gel electrophoresis, and conversion of
the dimer band into monomer with increasing temperature
was quantified and compared with gRNA (see Materials
and Methods; Fig. 3). We observed that spliced RNA
fragments could be classified into two categories, according
to the thermal stability (Tm) of their dimers: the first one
contains RNAs tat, rev, nef, and env, which had a Tm

(47°C–52°C) slightly lower than the one determined for
the gRNA fragment (55°C); the second one corresponds to
RNA vpr, which formed an extremely thermostable dimer
(Tm >65°C) (Fig. 3B). Thus, sequences downstream of the
SD1 site of spliced mRNA fragments influenced the
stability of RNA dimers either negatively, for tat, rev, nef,
and env RNA species, or positively, for the vpr RNA,
suggesting that, as for gRNA, stability of the mRNA dimers
is not only due to Watson–Crick base-pairing of the self-
complementary sequence of the DIS.

The RNA structure upstream of SD1 is similar
in HIV-1 spliced and genomic RNAs

While all spliced RNAs dimerized through the DIS motif,
their different dimer yield and thermal stability suggested
that conformational differences could affect the presenta-
tion of the DIS sequence. In order to determine structural
changes between HIV-1 spliced and gRNA fragments, we
probed the region upstream of SD1, including the DIS,
with dimethyl sulfate (DMS), a chemical probe that
selectively methylates Watson–Crick positions of unpaired
adenines (A-N1) and cytosines (C-N3) and N-7 positions
of guanines (G-N7) (Brunel and Romby 2000). We
monitored the reactivity profile of adenines and cytosines
in the spliced RNAs and compared it with the one obtained
for gRNA (Fig. 4). In general, the global reactivity pattern
of the DIS sequence was similar for all RNAs: (1) the three
purines, A255, A256, and A263, surrounding the self-
complementary sequence in the loop were reactive, and
thus unpaired, with A263 showing a hyper-reactivity
toward DMS, as previously observed for HIV-1 gRNA
(Fig. 4A; Paillart et al. 1997); (2) cytidines of the self-
complementary loop sequence (257GCGCGC262) were

protected from methylation, as expected from the impli-
cation of the DIS in RNA dimerization; and (3) adenine
A271 in the internal loop of the DIS stem was also modified
by the probe (Fig. 4A,B). Moreover, we observed that the
conformation of the region upstream of the DIS was similar
in all mRNAs and that binding of oligodeoxynucleotide
dAS35 did not affect this region, whereas the DIS loop was
completely protected by dAS35 binding (data not shown).
However, as previously observed (Paillart et al. 2004a),
nucleotides A268 and A269 were slightly reactive toward
DMS in gRNA as well as in vpr mRNA (Fig. 4). Surpris-
ingly, these nucleotides appeared more reactive in all other
spliced mRNAs (env, nef, rev, and tat), suggesting that the
DIS upper stem is weaker in these mRNAs. Altogether,
these results support the presence of the DIS stem–loop in
all spliced RNAs and in the gRNA, with the loop sequence
of one RNA interacting with the loop of another RNA
molecule, in agreement with our in vitro RNA dimerization
assays. In addition, our probing data suggest that all RNAs

FIGURE 3. Thermal stability of genomic and spliced 1–615 RNA
dimers. (A) After RNA dimerization in high-salt buffer at 37°C,
samples were incubated at different temperatures ranging from 37°C
to 62°C and loaded on 0.8% native agarose gels. Gels were fixed,
dried, and autoradiographed. (B) Thermal stability curves. Dimer
yields were normalized relative to the dimer yield at 37°C and plotted
as a function of temperature.
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were structurally homogenous, in agreement with the
electrophoresis analysis, which revealed that all monomeric
species migrated as a single band (Fig. 2). Thus, our data
strongly suggest that the dimerization yield and the thermal
stability of the RNA dimers were not affected by an ‘‘RNA
switch,’’ such as the LDI-BMH equilibrium proposed for
HIV-1 gRNA (Huthoff and Berkhout 2001; Berkhout et al.
2002).

Heterodimer formation between spliced and
unspliced RNA fragments is structurally constrained

The self-complementary loop sequence of the DIS is
required for dimerization of HIV-1 spliced and unspliced
RNAs, and both classes of RNAs form the well-studied
kissing-loop complex (Paillart et al. 2004b; Russell et al.
2004; D’Souza and Summers 2005). Thus, it is theoretically
possible to form heterodimers between spliced and
unspliced (genomic) RNAs by interaction of their DIS.
Such heterodimers might favor packaging of spliced viral
RNAs. To address this hypothesis, we first repeated the in
vitro dimerization procedure by co-incubating each 615 nt
long spliced RNA fragment with an RNA fragment corre-
sponding to the first 1402 nt of HIV-1 gRNA (see Materials
and Methods) and loading samples on a native agarose gel
(Fig. 5A). Using RNA fragments of different lengths
allowed us to distinguish homodimers from heterodimers.
As seen in Figure 5A, a third retarded band was readily
detected when unlabeled RNA 1–1402 was added to radio-
labeled spliced or unspliced 615 nt long RNA (Fig. 5A, lanes
marked ‘‘+’’). This band migrated between the positions of
the dimeric forms of 1–615 RNA and 1–1402 RNA (Fig. 5A,
lanes 1,2) and corresponded to a RNA heterodimer.

This experiment showed that it is possible to form
heterodimers between spliced and unspliced HIV-1 RNA

in vitro when these RNAs are heat-denaturated together
in water, then co-incubated in dimerization buffer (see
Materials and Methods). In order to avoid any possible
artifact linked to the RNA denaturation/renaturation pro-
cess, we next performed homo- and heterodimerization
assays during in vitro run-off transcription from two
templates generating the appropriate RNA fragments (Fig.
5B). As previously observed for MLV genomic RNA frag-
ments (Kharytonchyk et al. 2005; Flynn and Telesnitsky
2006; Rasmussen and Pedersen 2006), spliced and un-
spliced HIV-1 RNAs were able to homodimerize during
in vitro transcription (Fig. 5B, lanes 1,2,5,8,11,14,17) with a
yield similar to what was observed after RNA denaturation
(Fig. 5A). In the same way, heterodimers between 615 nt
long spliced or unspliced RNA fragments and the 1–1402
gRNA fragment could easily be formed when templates
were mixed together before starting in vitro transcription
(Fig. 5B, lanes 3,6,9,12,15,18, red asterisks). In sharp
contrast, when each RNA was generated in separate in
vitro transcription reactions and subsequently incubated
together for another 30 min at 37°C, heterodimers could
hardly be visualized on an agarose gel (Fig. 5B, lanes
4,7,10,13,16,19). The only exception was RNA rev2, which
heterodimerized somewhat more efficiently (Fig. 5B, cf.
lanes 12 and 13, gray asterisks). These results indicate that
dimerization is more efficient during transcription than
once RNA synthesis is completed, suggesting that accessi-
bility of the DIS sequence is crucial for heterodimer
formation, and for RNA dimerization in general. Alterna-
tively, we cannot discard the possibility that the homo-
dimers that are formed when the RNAs are incubated
separately prevent subsequent formation of heterodimers
when the RNAs are mixed together. However, this would
imply that the RNA dimers are less dynamic than pre-
viously suggested (Paillart et al. 1996b).

FIGURE 4. Dimethylsulfate (DMS) probing of the Dimerization Initiation Site (DIS) region of spliced and genomic HIV-1 RNAs. (A) RNAs
were modified with DMS, and positions of methylated bases were revealed by primer extension before loading on an 8% polyacrylamide
denaturing gel. Lanes U,A,C,G correspond to the sequence of gRNA. DIS and SD positions are indicated. Red dots represent the three purines
flanking the self-complementary sequence of the DIS self-complementary sequence. (B) Secondary structure of the DIS. Nucleotides modified by
DMS are indicated in red (highly reactive) or in orange (moderately reactive).
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Dimerization of long RNA fragments is favored during
in vitro transcription

In vitro dimerization of retroviral RNA was usually
restricted to RNA fragments of <1500 nt, and the dimer-
ization yield was usually found to sharply decrease as the
size of the RNA fragments increased (Marquet et al. 1991,
1994; Flynn and Telesnitsky 2006). Inhibition of in vitro
RNA dimerization with increasing RNA size might be due
either to increasing electrostatic repulsion between the two
RNA molecules or/and to reduced accessibility of the DIS
in larger RNA fragments. In order to distinguish between
these two possibilities, we analyzed dimerization of very
long fragments of subtype A and subtype B HIV-1 gRNA
during in vitro transcription (Fig. 6). RNA fragments up to
>4500 nt efficiently dimerized during in vitro transcription
(Fig. 6), whereas the longer RNA fragments only marginally
dimerized when dimer formation was initiated after heat
denaturation of fully synthesized RNAs (data not shown;
Flynn and Telesnitsky 2006).

DISCUSSION

HIV-1 RNA packaging is a highly specific process that leads
to the selection of a dimeric genomic RNA amongst a
multitude of cellular and viral mRNAs. However, it is
paradoxical that HIV-1 spliced RNAs, which contain most

of the signals required for gRNA pack-
aging (TAR, polyA, DIS), are not abun-
dantly encapsidated into viral particles.
Several hypotheses can be raised to
explain this paradox: (1) HIV-1 spliced
RNA could be compartmentalized in
the cytoplasm, away from the assembly
complex; (2) the conformation of the
packaging motifs may not be suitable to
direct efficient encapsidation of spliced
mRNAs; or (3) mRNAs are not compe-
tent for dimerization, a prerequisite for
RNA packaging (Paillart et al. 2004a;
Moore et al. 2007). In this report, we
analyzed for the first time the in vitro
dimerization of several HIV-1 RNA
fragments corresponding to the 59 end
of spliced mRNAs encoding the viral pro-
teins Env, Nef, Vpu, Tat, Rev, and Nef.

Our results show that the structure
of the DIS domain is conserved in all
spliced RNAs and that these RNAs are
able to dimerize in vitro through a
kissing-loop mechanism involving the
DIS loop (Fig. 2). Indeed, an oligonu-
cleotide complementary to the DIS
stem–loop completely abolished dimer-
ization of spliced RNAs (Fig. 2B), sug-

gesting that, as for gRNA (Skripkin et al. 1996), dimerization
of spliced RNA is in dynamic equilibrium and governed by
reversible loop–loop interactions. Moreover, this inhibition
indicates that no sequence downstream of the SD site
(region 288–615 in our study) can complement the loss of
the DIS function, reinforcing the idea that the main
dimerization signal is not redundant. In addition, we
observed a rather good correlation between the dimerization
yield (Fig. 2) and the in vitro thermal stability of spliced
mRNA (Fig. 4). Spliced RNAs can be divided into two
categories: (1) nef, env, tat, and rev with a dimerization yield
(51%–62%) and a thermal stability (Tm, ranging from 46°C
to 52°C) lower than that of the gRNA (68% and Tm

z57°C); and (2) vpr, which formed >90% of dimer with
a surprisingly high thermal stability (>70°C) (Fig. 4). These
results suggest that the sequence or the conformation of
spliced RNAs must be important for the stability of RNA
dimers. However, our chemical probing indicates that the
structure of the DIS stem–loop and of the 59 region is not
significantly different in all HIV-1 RNAs, suggesting that the
deletion of the intronic sequence during splicing does not
significantly alter the conformation of neighboring sequences.
Thus, the mechanism by which the vpr sequences stabilize
the RNA dimer is unclear. It is, however, important to
notice that the downstream sequence that is removed upon
splicing has either a negative influence in the wild-type
RNA stability or a positive influence imposed by the unique

FIGURE 5. Heterodimerization of genomic and spliced HIV-1 RNAs. (A) Heterodimerization
with purified RNA fragments. Radiolabeled 1–615 RNAs were incubated in high-salt buffer in
the absence (�) or in presence (+) of genomic RNA fragment 1–1402. (Lane 1) The 1–1402
RNA dimer visualized by UV. Positions of monomer, homodimer, and heterodimer species are
indicated. (B) Heterodimer formation during in vitro transcription. DNA templates generating
1–615 spliced or genomic RNA fragments were submitted to transcription either alone (lanes
1,2,5,8,11,14,17) or with template generating genomic RNA fragment 1–1402 (lanes
3,6,9,12,15,18). RNAs 1–615 and 1–1402 were also transcribed separately before being mixed
together for another 30-min incubation at 37°C (lanes 4,7,10,13,16,19). Samples were analyzed
on a native ethidium-bromide-containing agarose gel. (Gray star) The 1–615/1–1402
heterodimer, (lane 1) genomic RNA 1–615, (lane 2) genomic RNA 1–1402. The names of
each RNA are indicated at the top of the gel. (gen) gRNA.
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downstream sequence in the vpr mRNA. Structure pre-
diction using the Mfold program did not allow us to
pinpoint a specific region involved in the stabilization
capacity of this mRNA (data not shown). However, the
weaker DIS stem observed for env, nef, rev, and tat RNA
fragments can potentially be involved in the reduced thermal
stability determined for these RNAs (Fig. 3). Similarly, in
vitro studies showed that sequences in gag stabilize the
dimer of gRNA (Paillart et al. 1994; Laughrea and Jette
1997), whereas analysis of mutant viruses indicated that
regions in pol have a destabilizing effect (Shehu-Xhilaga
et al. 2001, 2002). The precise identification of the sequences
and mechanisms involved in the modulation of the RNA
dimer stability remain to be determined. The loss or the
formation of long distance intra- or intermolecular inter-
actions between regions on both sides of the SD site or with
the DIS stem–loop by itself could thus explain the thermal
stability differences between spliced RNAs. Nevertheless,
whatever these undefined sequences or their conformations,
they do not affect the dimerization process, as all HIV-1
spliced RNA fragments dimerized efficiently. This study has
to be compared with the one by Lanchy et al. (2004), which
showed that removing intronic sequence from HIV-2 RNA
(as in tat, rev, and nef mRNAs) only locally affected the
RNA conformation of RNAs. As the main packaging signal
is located upstream of the SD site in HIV-2, these inves-
tigators suggested that the interaction between elements

upstream and downstream of the SD site may help to select
gRNA preferentially over spliced RNAs during packaging.

If we extrapolate these results to the in vivo context, they
indicate that spliced RNA could dimerize in the cells and
thus that spliced and gRNAs could compete for dimer
formation and packaging, as recently proposed (Houzet
et al. 2007). These results prompted us to analyze the capacity
of spliced RNA to form heterodimers with gRNA. Indeed,
we observed that all spliced RNAs efficiently form hetero-
dimers in vitro. As one molecule of these heterodimers
possesses the complete packaging signal, one could expect
efficient packaging of these heterodimers. However, experi-
ments showed that spliced RNAs are packaged with low
efficiency (Liang et al. 2004; Houzet et al. 2007). In
addition, we recently showed that while deletion of SL1
strongly affects packaging of gRNA, it has no direct effect
on the packaging of spliced HIV-1 RNA (Houzet et al.
2007). Thus, either heterodimers are not formed in cells,
and the mechanism preventing heterodimerization remains
to be elucidated, or they are not recognized by the
packaging machinery, and understanding how this machin-
ery can discriminate between heterodimers and dimers of
gRNA would certainly shed a new light on the role of RNA
dimerization in RNA packaging.

Finally, we showed that heterodimerization and dimer-
ization of long gRNA fragments is more efficient during in
vitro transcription than after complete synthesis of these
RNAs (Figs. 5, 6). Thus, in infected cells, RNA dimerization
could occur during transcription of the integrated provirus,
in agreement with previous in vitro and ex vivo studies on
Moloney murine leukemia viruses (Kharytonchyk et al.
2005; Flynn and Telesnitsky 2006; Rasmussen and Pedersen
2006) showing that gRNAs synthesized from separated
locations do not randomly associate. As splicing of HIV-1
RNA is inefficient, as compared with cellular mRNA, RNA
dimerization might precede and modulate splicing. For
instance, splicing of the two RNA molecules within a dimer
may be coupled, even though deletion of the DIS motif in
gRNA does not globally affect the amount of spliced HIV-1
RNA (Houzet et al. 2007).

Whether RNA dimerization or/and heterodimerization
can occur in the nucleus during transcription is still
unclear. Work is in progress in our laboratory to test this
possibility. Indeed, nuclear dimerization of HIV-1 RNAs
could have important functional consequences for HIV-1
RNA metabolism, such as nuclear export, trafficking, and
packaging (Basyuk et al. 2005; Poole et al. 2005; Smagulova
et al. 2005; Levesque et al. 2006; Swanson and Malim 2006).

MATERIALS AND METHODS

Plasmid construction and RNA synthesis

Plasmid pNL4.3–615 expresses the first 615 nt of the HIV-1 NL4.3
isolate under the control of the T7 RNA polymerase promoter

FIGURE 6. In vitro dimerization of long subtype A (A) and subtype
B (B) RNA fragments during transcription. Samples were analyzed on
native agarose ethidium-bromide-containing gels directly after in
vitro run-off transcription. (Black stars) Dimers. The size of each
RNA fragment is indicated at the top of the gels. (Odd lanes) RNA
fragments that have been denatured 2 min at 80°C before loading,
(even lanes) not heat-treated. RNA fragments are staggered in panel B
(compared with panel A) due to direct loading of samples after
transcription. In this case, RNAs migrated according to their length.
In panel A, RNA samples have been loaded at different time points to
place the RNA bands at the same position in the gel.
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(Lodmell et al. 1998). Plasmids pSP5 containing the complete
cDNAs expressing the Env/Vpu, Nef, Rev, Tat, and Vpr mRNAs
of HIV-1 NL4.3 (Purcell and Martin 1993) were PCR amplified
(4 min at 94°C; and 30 cycles of 1 min at 94°C, 1 min at 52°C, and
1 min at 72°C) and inserted into PCR 2.1-TOPO vectors (Invi-
trogen). The resulting plasmids pT-env/vpu, pT-nef, pT-rev, pT-
tat, and pT-vpr1/3 contain the first 615 nt of HIV-1 mRNAs
downstream from the T7 promoter.

Plasmids pNL4.3–615 and pTs were linearized with PvuII and
EcoRI, respectively, prior to in vitro transcription to generate
RNAs encompassing nucleotides 1–615 of HIV-1 gRNA and
mRNAs (Fig. 1). After run-off transcription, RNAs were purified
by FPLC as previously described (Henriet et al. 2005). Internal
labeling of RNA was achieved by addition of [a-32P] ATP
(Amersham) during transcription (Paillart et al. 1996b).

Plasmids pmCG67 (Marquet et al. 1991) and pDR4607
contain the 59 half of the MAL and NL4.3 HIV-1 genome,
respectively, under the control of the T7 promoter. Plasmid
pmCG67 was digested with RsaI, PvuII, AvaII, BstXI, EcoRV,
BamHI, or SalI to produce RNA 1–311 (containing the first
311 nt of RNA genome), RNA 1–705, RNA 1–1333, RNA
1–1942, RNA 1–2552, RNA 1–3352, and RNA 1–4001, respec-
tively. Likewise, pDR4607 was digested with RsaI, PvuII, MspI,
EcoRV, KpnI, or SmaI to produce RNA 1–294, RNA 1–690,
RNA 1–1402, RNA 1–2523, RNA 1–3372, and RNA 1–4607,
respectively.

In vitro dimerization of HIV-1 RNAs

In a typical experiment, 400 nM of unlabeled RNA fragments were
diluted in 8 mL of Milli-Q (Millipore) water with the correspond-
ing labeled RNA (5000 cpm, 3–5 nM). Samples were denatured
for 2 min at 90°C and snap-cooled for 2 min on ice. Dimerization
was initiated by addition of fivefold concentrated dimer buffer
(final concentration: 50 mM sodium cacodylate, pH 7.5, 300 mM
KCl, and 5 mM MgCl2), and the samples were incubated for
30 min at 37°C. In parallel, samples were incubated with fivefold
monomer buffer (final concentration: 50 mM sodium cacodylate,
pH 7.5, 40 mM KCl, and 0.1 mM MgCl2) to induce folding of
monomeric RNA. Samples were loaded on a 0.8% agarose gel
containing ethidium bromide in TBM buffer (0.53 Tris-Borate,
0.1 mM MgCl2) and run at 4°C. Gels were fixed in 10%
trichloroacetic acid for 10 min and dried for 1 h under vacuum
at room temperature. Radioactive bands corresponding to mono-
meric and dimeric species were visualized and quantified using a
FLA 5000 (Fuji).

To determine the thermal stability of the dimer species, samples
were incubated for 30 min at 37°C as described above, and the
temperature was gradually increased by 5°C steps up to 62°C.
After a 10-min incubation at the appropriate temperature, an
aliquot was loaded on a 0.8% agarose gel after addition of loading
buffer. The melting temperature (Tm) was defined as the temper-
ature at which the amount of dimeric RNA was reduced by 50%,
as compared with its value at 37°C.

For heterodimerization experiments, 400 nM of RNA corre-
sponding to the first 1402 nt of HIV-1 NL4.3 gRNA were added to
an equimolar concentration of 1–615 RNA containing 5000 cpm
of the corresponding labeled RNA. Heterodimerization assays
were performed as described above for homodimerization.

Inhibition of RNA dimerization by an
antisense oligonucleotide

RNA dimerization was performed as described above, then 50
pmol of unlabeled antisense oligodeoxynucleotide (dAS35) com-
plementary to positions 243–277 (DIS stem–loop) of the HIV-1
NL4.3 gRNA were added, and incubation was continued for 15
min. Alternatively, the antisense oligodeoxynucleotide was added
prior to the thermal denaturation step. Inhibition of RNA
dimerization was visualized on agarose gel as above.

Dimerization of HIV-1 RNAs during
in vitro transcription

One microgram of DNA templates digested by PvuII (pNL4.3–
615) or EcoRI (pTs) was transcribed in vitro as described above in
a final volume of 20 mL. After incubation for 2 h at 37°C, samples
were phenol/chloroform extracted and directly loaded onto a
0.8% agarose gel containing ethidium bromide. Gels were run in
TBM buffer at 4°C. Heterodimer formation during in vitro
transcription was performed similarly by mixing two different
restricted DNA templates. Monomer, dimer, and heterodimer
species were visualized by UV and analyzed with a Chemidoc
(Bio-Rad) and the QuantityOne software. Alternatively, both tem-
plates were in vitro transcribed separately, then mixed together
and incubated for 20 min at 37°C to allow heterodimer formation.

Chemical probing of the DIS region of genomic
and spliced RNAs

Chemical probing with dimethylsulfate (DMS) was used for
mapping the secondary structure of genomic or spliced RNA
fragments. RNAs 1–615 (400 nM) were submitted to the dimer-
ization procedure as described above, followed by a 10 min
incubation at room temperature. Samples supplemented with
2 mg of total Escherichia coli tRNA were subsequently modified
for 0, 4, or 8 min at 37°C with 0.8 mL of DMS diluted 20-fold with
ethanol. Modification reactions were stopped by ethanol precipi-
tation, and pellets were washed twice with 75% ethanol, vacuum-
dried, and resuspended in 7 mL of water. DMS modifications were
detected by primer extension with avian myeloblastosis reverse
transcriptase as previously described (Paillart et al. 1997). Sequenc-
ing reactions were performed in parallel to identify positions of
DMS modifications. After reverse transcription, samples were
ethanol precipitated, resuspended in 8 mL of formamide loading
buffer, and loaded onto an 8% denaturing polyacrylamide gel. After
migration, gels were dried and autoradiographied at �80°C.
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